1. Introduction {#sec1-sensors-18-01302}
===============

Onsite biomedical devices used in microfluidics are very popular and help to make human life healthy and comfortable. Though manufacturing these devices in a micro-scale is a great challenge and there is a growing demand. Among all the biomedical devices used in microfluidics applications, micropumps are essential \[[@B1-sensors-18-01302],[@B2-sensors-18-01302],[@B3-sensors-18-01302],[@B4-sensors-18-01302],[@B5-sensors-18-01302],[@B6-sensors-18-01302],[@B7-sensors-18-01302]\]. Micropumps are defined as the diminished pumping elements fabricated by micromachining technologies. They are subcategorized as displacement micropumps and dynamic micropumps through the consideration of their driving fundamentals. In general, displacement micropumps are mechanically actuated and a physical actuator is essential in these kinds of pumps. On the other hand, dynamic micropumps are used in microdevices to increase the momentum of the working fluid by adding energy to it \[[@B2-sensors-18-01302],[@B3-sensors-18-01302],[@B7-sensors-18-01302]\]. Hence, displacement micropumps are commonly used in biomedicine.

In micropumps, valve mechanisms are useful to control the fluid flow by opening, closing, and partially hindering passageways, therefore, the design of micropumps are subdivided into those with valves and those without valves (valveless). In micropumps with valves, an external actuation source is necessary for opening and closing the valves. Although monitoring the valves is comparatively easy, it is complicated within integrated microfluidic systems. In valveless micropumps, nozzle/diffuser elements are used as flow rectifiers. These elements work in such a manner that during supply mode more fluid enters through an inlet than the fluid exiting the outlet, and reverse action is directed during the pumping mode.

Displacement-type valveless micropumps consist of a chamber closed by a flexible membrane, which is oscillated periodically by an actuation mechanism. This periodic movement of the membrane causes a periodic change in the fluid volume and pressure inside the pump chamber \[[@B2-sensors-18-01302],[@B8-sensors-18-01302]\]. The flow directing elements attached to the pump chamber will act as inlet/outlet ports and direct the fluid from one element to another \[[@B2-sensors-18-01302],[@B3-sensors-18-01302],[@B4-sensors-18-01302],[@B9-sensors-18-01302],[@B10-sensors-18-01302],[@B11-sensors-18-01302]\].

There are several micropumps designed and developed for different kinds of applications. The very first micropump was made in 1975 \[[@B3-sensors-18-01302],[@B12-sensors-18-01302],[@B13-sensors-18-01302]\]. In 1988, a micropump with a valve was reported by van Lintel \[[@B1-sensors-18-01302],[@B2-sensors-18-01302]\] and research and development studies in designing micropumps with various kinds of actuation principles continued. These micropumps were developed in different materials as well as with different micromachining techniques \[[@B2-sensors-18-01302],[@B3-sensors-18-01302],[@B14-sensors-18-01302]\]. The very first valveless micropump was developed in 1993 by Stemme and Stemme \[[@B1-sensors-18-01302],[@B2-sensors-18-01302],[@B8-sensors-18-01302]\]. The design and simulation of a polydimethylsiloxane (PDMS) membrane-based piezoelectric micropump was presented in 2016 \[[@B15-sensors-18-01302]\].

Although from 1975 to 2016 there was research that continued the design and development of micropumps with different actuation techniques, many for biomedical applications were not user-friendly or portable. In addition, most of these devices were fabricated with silicon and were expensive. The developed devices lacked facilities to control the fluid flow according to user requirements.

In the present work, we developed a dual diaphragm, piezoelectrically actuated (PZT) valveless micropump using a simple fabrication technique to precisely control the fluid flow with polymethyl methacrylate (PMMA) sheets, in a cost-effective manner.

2. Proposed Design and Working Principle of Micropump {#sec2-sensors-18-01302}
=====================================================

The design of the micropump was mainly divided into two major components, which were the actuation mechanism and the fluidic network. The proposed design of the micropump system consisted of two identical 35 mm diameter with 0.3 mm thick circular PZT actuated metal diaphragms as actuators. The thickness of the PZT disk was 0.22 mm. The fluidic network was composed of a 30 mm diameter circular pump chamber enclosed with two PZT actuated membranes on the top and bottom, with one nozzle element, two inlet channels, and an outlet channel. [Figure 1](#sensors-18-01302-f001){ref-type="fig"}a expresses the details of these microfluidic channels. In order to allow smooth fluid flow through the channels and to reduce leakages and bubbles at the edges and walls of the micropump, the circular shaped designwas most preferable. In addition, compared with the other shapes of the membrane, circular diaphragms delivered better displacement for the same externally applied load \[[@B12-sensors-18-01302],[@B16-sensors-18-01302],[@B17-sensors-18-01302]\]. The inlet and outlet ports were put on the top side of the micropump.

As a rule of thumb, cross sections of the inlets should be larger than the outlet at the cross junction, in order to reduce fluidic resistance \[[@B18-sensors-18-01302],[@B19-sensors-18-01302],[@B20-sensors-18-01302],[@B21-sensors-18-01302],[@B22-sensors-18-01302]\]. Hence, the designed cross sections of the inlet and outlet channels and nozzle jet were 0.5 × 1.5 (mm^2^), 0.6 × 0.5 (mm^2^) and 0.3 × 0.5 (mm^2^) respectively. The whole micropump structure was designed and fabricated as a plate-by-plate element of polymethyl methacrylate (PMMA) sheets and sandwiched to establish the required fluidic network. The exploded view of the model is expressed in [Figure 1](#sensors-18-01302-f001){ref-type="fig"}b. The whole packed size of the device was 100 mm × 60 mm × 5.5 mm.

Based on deformations of the PZT actuated diaphragms, pumping action could be divided into two parts: suction and compression strokes. PZT diaphragms periodically deform in a concave and convex manner when PZT actuators were actuated with an alternating voltage. Thus, the volume of the chamber would vary periodically as expressed in [Figure 2](#sensors-18-01302-f002){ref-type="fig"}. In general, during the pumping stroke, PZT membranes were deflected in a convex pattern. Thus most of the fluid was directly expelled out through the outlet channel since inlet channels are perpendicular to the outlet ([Figure 2](#sensors-18-01302-f002){ref-type="fig"}a). On the other hand, during the suction stroke, PZT membranes were deflected in a concave pattern and the fluid is sucked into the chamber, due to the formation of low pressure inside. At this point, owing to the differences with forward momentum and fluid flow resistances along the channels at inlet/outlet, more fluid would directly enter through the inlet channels than the outlet ([Figure 2](#sensors-18-01302-f002){ref-type="fig"}b).

3. Design and Simulation of Micropump {#sec3-sensors-18-01302}
=====================================

The analysis of the proposed micropump involved three fields of physics: structural mechanics, electrostatics, and fluid--structure interaction. The solutions of the piezoelectric structural and electrical analysis were explained by the piezoelectric strain--charge relationship. When a piezoelectric material is subjected to an electric field, the proportional mechanical strain is generated, and the linear piezoelectric constitutive strain--charge correlation for isothermal conditions using contracted matrix notation is represented by the following equations \[[@B17-sensors-18-01302]\]: $$S_{ij} = S_{jk}^{E}T_{k} + d_{kj}E_{k}$$ $$D_{i} = d_{ij}T_{j} + \in_{ij}^{T}E_{j}$$ *S* is the mechanical strain, *S^E^* is the elastic compliance coefficient at constant electric field, *T* is the mechanical stress, *d* is the piezoelectric strain coefficient, *D* is the electric displacement, *E* is the electrical field, ϵ*^T^* is the permittivity at constant stress, and *i*, *j* and *k* are vector notations along x, y, z directions respectively.

In addition, the piezoelectric strain coefficient matrix for PZT-5H is given by: $$\left\lbrack d_{ij} \right\rbrack = \begin{matrix}
0 & 0 & d_{31} \\
0 & 0 & d_{31} \\
0 & 0 & d_{33} \\
0 & d_{15} & 0 \\
d_{15} & 0 & 0 \\
0 & 0 & 0 \\
\end{matrix}$$ *d*~31~ = −274 × 10^−12^ *C*/*N*, *d*~33~ = 593 × 10^−12^ *C*/*N*, *d*~15~ = 741 × 10^−12^ *C*/*N*. Thus, the residual stress is negligible and the term $S_{jk}^{E}T_{k}$ on the right side of Equation (1) goes to zero. In addition, it is assumed that the strain produced in a thin circular membrane is only in a radial direction. Therefore, the equation simplifies to: $$S_{1} = d_{31}E_{3}$$

In order to simplify the theoretical analysis, the piezoelectric structural and electrical simulation was executed in COMSOL Multiphysics 5.3 under the piezoelectric stress/strain mode on eigenfrequency study setup. The brass diaphragm was fixed around its perimeter, and the PZT 5H disk was bonded on top of the diaphragm. The characteristics of brass are expressed in [Table 1](#sensors-18-01302-t001){ref-type="table"}. The air exposed model was meshed with the physics controlled mesh. The developed model and the meshed model are shown in [Figure 3](#sensors-18-01302-f003){ref-type="fig"}. Hence, the micropump diaphragm was deflected due to the PZT effect when applying an alternating electrical signal of 20 V.

The structural analysis of the PZT 5H disc at the supplied voltages for different eigenfrequencies is shown in [Figure 4](#sensors-18-01302-f004){ref-type="fig"}. These results were useful in identifying the frequency at which maximum displacement occurred. This analysis revealed that the first eigenfrequency mode of 1619 Hz has the maximum center displacement of 0.06 mm. This was also the maximum displacement mode and gives the maximum volumetric volume change occurring frequency as well. This data would also be used to vary the frequency applied to the piezoelectric diaphragms of the micropump within this range. Therefore, the control system of the pump could be designed to apply an electric signal in which its frequency ranges from 1 Hz to 1619 Hz. On the other hand, in practice, the eigenfrequency values may vary during the piezoelectric disc fixing with the micropump.

The solution to the fluid flow inside the micropump is described by incompressible Navier--Stokes equations. The governing equations for the fluid motion are mass and momentum conservation and is described in the following manner with index notation \[[@B4-sensors-18-01302],[@B16-sensors-18-01302],[@B17-sensors-18-01302],[@B18-sensors-18-01302],[@B19-sensors-18-01302],[@B20-sensors-18-01302],[@B21-sensors-18-01302],[@B22-sensors-18-01302],[@B23-sensors-18-01302],[@B24-sensors-18-01302],[@B25-sensors-18-01302],[@B26-sensors-18-01302]\]. $$\nabla \cdot \overset{\rightarrow}{u} = 0$$ $$\rho\frac{\partial\overset{\rightarrow}{u}}{\partial t} + (\overset{\rightarrow}{u} \cdot \nabla)\rho\overset{\rightarrow}{u} = - \nabla p + \nabla \cdot (\eta\nabla\overset{\rightarrow}{u})$$ where, $\overset{\rightarrow}{u}$ and *p* are the velocity vector and pressure of the flow field; *ρ* and *η* are density and the dynamic viscosity of the flowing fluid respectively.

When the PZT actuators, which are bonded with the micropump diaphragms, were subjected to uniform force, the deflections of the diaphragms would be considered as the first symmetric motion mode of the thin circular plates which were uniformly fixed along its perimeter \[[@B17-sensors-18-01302],[@B20-sensors-18-01302],[@B21-sensors-18-01302]\]: $$\varphi(r,t) = \Theta_{0}\sin(2\mathsf{\pi}ft)\left\lbrack {1 - \left( \frac{r}{R} \right)^{2}} \right\rbrack^{2}$$ where *r*, *R* is a length measured from the center and diaphragm radius, *f* is the frequency of the load and $\Theta_{0}$ is the center amplitude of the solution.

It is assumed that the micropump works in the absence of preliminary pressure gradient. Also, negligible pressure was levied at the inlet and outlet and non-slip conditions were considered at the walls. Hence, motions of PZT diaphragms were transferred to the inlet velocities by time derivative of deflection, illustrated as follows \[[@B1-sensors-18-01302],[@B16-sensors-18-01302],[@B17-sensors-18-01302],[@B23-sensors-18-01302]\]. $$v(r,t) = (2\mathsf{\pi}f\Theta_{0})\cos(2\mathsf{\pi}ft)\left\lbrack {1 - \left( \frac{r}{R} \right)^{2}} \right\rbrack^{2}$$

During the transient structural simulation, the time step ∆*t* was selected in a manner where $\Delta t = {1/{(fN)}}$. Here, N was selected as 12 to replicate the flow behavior throughout a single cycle of PZT diaphragm fluctuation.

The solution of fluid flow described by the Navier--Stokes equations was obtained by coupled field analysis of ANSYS-Fluent. A second-order accuracy scheme was used for spatial derivatives and time advance approximations. The pressure-based transient solver method with the k-ε realizable model was used for the fluidic simulation. The SIMPLE scheme was considered for the velocity--pressure coupling algorithm. Liquid water at an ambient temperature was used as the working fluid. In addition, the fluidic part was meshed with dynamic mesh with smoothing and the solution was initialized with hybrid initialization. Hence, volumetric plots and the net flow rates were obtained at different frequencies. The volumetric plot of velocity profile at the compression phase and the variation of net flow rates with frequency are illustrated in [Figure 5](#sensors-18-01302-f005){ref-type="fig"} and [Figure 6](#sensors-18-01302-f006){ref-type="fig"} respectively.

4. Fabrication of Micropump {#sec4-sensors-18-01302}
===========================

The proposed design was fabricated with polymethyl methacrylate (PMMA) plates. The commercially available diaphragms bonded with PZT-5H discs were used as PZT actuators (<http://www.murata.com>). Thin layers of PMMA plates were prepared, then all the thin layers were bonded with proper binding technique. "Isopropyl alcohol" was used as a binder medium and then thermally treated to 68 °C to avoid leakages. This is the latest simple and fast thermally-solvent assisted technique for the bonding of PMMA--PMMA in microfluidics applications \[[@B26-sensors-18-01302]\].

The fabricated micropump contained a pump chamber, reservoir, and testing plate. There were three 1 mm plates used to make the pump chamber and the chamber was enclosed with two piezoelectric transducers. The rest of the PMMA plates were used to fabricate the reservoir as well as for the testing requirements. The capacity of the reservoir was 10 mL. The top view of the fabricated micropump and its exploded view is presented in [Figure 7](#sensors-18-01302-f007){ref-type="fig"} respectively.

5. Signal Conditioning Circuit Design {#sec5-sensors-18-01302}
=====================================

The micropump was controlled by a signal generator and the frequency of this was controlled by an Arduino mega 256 controller. To control PZT diaphragms using sine waves, an AD9850 Signal Generator Module with a simple designed circuit was used since this can create a pure frequency and phase programmable, analog sine waves relative to an accurate clock source. The AC sine wave was amplified using an LM741 operational amplifier in the first stage of the amplifier circuit since operational amplifiers are stable, easy to use, and they are ideal for both long-term and short-term uses. Also, they are readily varied and adjusted by working on the Av (gain) value. [Figure 8](#sensors-18-01302-f008){ref-type="fig"} shows the overall design of the signal conditioning circuit.

6. Characterization of the Micropump {#sec6-sensors-18-01302}
====================================

The developed experimental setup of the micropump is illustrated in [Figure 9](#sensors-18-01302-f009){ref-type="fig"}. According to this experimental setup, the time taken to collect 5 mL of water through the outlet was measured by stopwatch. The discharge head was kept at 0 mm and the frequency was varied. Hence, the net flow rates at different frequencies were obtained. In addition 5 mm of clear acrylic were added plate-by-plate to the micropump in order to obtain experimental data sets for different discharged heads. Then, the time taken was measured to fill the 5 mL at 50 Hz frequency and the discharged head at different time intervals were observed.

7. Results and Discussion {#sec7-sensors-18-01302}
=========================

The variation of net flow rates with frequency is plotted in [Figure 10](#sensors-18-01302-f010){ref-type="fig"}. In addition, the states at every five seconds through one minute, as well as the variation of flow rates with discharged heads, are expressed in [Figure 11](#sensors-18-01302-f011){ref-type="fig"} and [Figure 12](#sensors-18-01302-f012){ref-type="fig"} respectively. According to the respective plots, the net flow rate rapidly increased from 0 Hz to about 100 Hz and then tended to 0. This happened due to a partial contribution of eigenfrequency of the piezoelectric diaphragm and the resonant frequency of the fluid--solid interaction. In addition, the increment in discharged head gave smaller flow rates, which is a mandatory requirement to identify the flow characteristics when the pump is designed to a specified application.

8. Conclusions and Future Direction {#sec8-sensors-18-01302}
===================================

A piezoelectrically actuated valveless micropump was designed and developed with the specified control circuit. From the test results, it is interpreted that by increasing the frequency from 0 Hz to a specific value, the flow rate increases and after that, the flow rate decreases. In addition, the numerical simulation carried out to validate the test results revealed the same behavior. According to the test results, the maximum net flow rate was 512 µL/s at 100 Hz. The developed pump was tested for a constant applied frequency and a different discharge head pressure. The test results showed that the flow rate decreases with the increasing head, and this gives the maximum pump head of 24 mm H~2~O respectively. This pump curve for the developed pump is essential to identify the flow characteristics when the pump is designed to a specified application. Thus, piezoelectric and microfluidic simulation analysis delivered essential information relating to operating frequency, working principle, and the flow rate of the device. Though micropumps have many applications, this design is mainly focused on the field of biomedical applications. Material selection for this micropump should be reviewed in order to select the compatible material for the specific application in biomedicine. Hence, further studies will also be carried out to miniaturize the device to the micro scale.
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![Illustration of working principle: (**a**) Deformation pattern of piezoelectrically actuated (PZT) diaphragm and the fluid flow motion during compression; (**b**) Deformation pattern of PZT diaphragm and the fluid flow motion during suction.](sensors-18-01302-g002){#sensors-18-01302-f002}
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sensors-18-01302-t001_Table 1

###### 

Material properties of brass.

  Description             Value
  ----------------------- -------
  Density (kg/m^3^)       8360
  Young's modulus (GPa)   125
  Poisson's ratio         0.33
